Spiro-OMeTAD remains a prominent hole-transport material in perovskite and solid-state dye-sensitized solar cells. However, an understanding of its intrinsic hole-transport properties is still limited. Here, hole transport in spiro-OMeTAD is systematically characterized on the basis of the recently reported X-ray single-crystal data. An approach combining density functional theory calculations, tight-binding modeling, and kinetic Monte Carlo simulations are exploited to describe the key parameters governing hole transport and to investigate the transport mechanism and hole mobilities in the spiro-OMeTAD single crystal. The results provide insight into: (i) why an anisotropic hole-transport mechanism, with an upper range of intrinsic hole mobilities on the order of~10 −3 cm 2 /Vs, can be expected in the single crystal; and (ii) how detrimental factors, related to the presence of the spiro motif and of the 4,4′-dimethoxydiphenylamine substituents, limit the intrinsic hole mobilities of the system.
INTRODUCTION
As a solid-state hole conductor used in lieu of liquid electrolytes, 2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenyl-amine)9,9′-spirobifluorene (spiro-OMeTAD) has long been prominent as the holetransport material (HTM) in solid-state dye-sensitized solar cells. 1 In these devices, the use of spiro-OMeTAD as the HTM substantially improves the device temporal stability by eliminating the rapid degradation of performance common to redox electrolytes. More recently, spiro-OMeTAD has garnered additional attention because of its widespread application as HTM in the rapidly developing area of perovskite solar cells. [2] [3] [4] In particular, the ionization potential of spiro-OMeTAD matches well with that of the light absorbers (perovskites or dye-sensitizers), and good contact at their interfaces is promoted by the remarkable glassforming properties of spiro-OMeTAD. These advantages make spiro-OMeTAD the most extensively studied organic HTM for hybrid organic-inorganic solar cells with high power conversion efficiency. [5] [6] [7] [8] However, as it is the role of the molecular spiro center to make crystallization difficult, spiro-OMeTAD films are usually amorphous, which results in very low hole mobilities and necessitates doping the materials to improve hole conductivity. This leads to a serious issue limiting the reproducibility and performance of the photovoltaic devices. 9 Also, the lack of crystalline spiro-OMeTAD, in particular single crystals prepared in a controlled manner, prevents access to the intrinsic holetransport properties of spiro-OMeTAD, the understanding of which is important for improving performance [10] [11] [12] and/or developing alternative organic HTMs. [13] [14] [15] Very recently, significant experimental progress was made in preparing crystalline spiro-OMeTAD. Ganesan et al. reported the first crystal structure of a spiro-OMeTAD complex in which, however, chlorobenzene solvent molecules are also embedded. 16 While this structure provides some useful information on the molecular packings of spiro-OMeTAD in crystal, the inclusion of the solvent molecules in fact prevents direct contact between the two spiro-OMeTAD molecules within the unit cell. A breakthrough was made by Shi et al., who succeeded in growing pure single crystals of spiro-OMeTAD by an antisolvent crystallization approach. 17 It was found that the hole mobility of spiroOMeTAD at room temperature is enhanced by three orders of magnitude up to 10 −3 cm 2 /Vs in the case of the single crystal when compared to spin-coated thin films (all measured in fieldeffect transistor configurations), which demonstrates the importance of mesoscale ordering and crystallinity in improving the performance of spiro-OMeTAD. However, it is important to note that the hole mobilities of the spiro-OMeTAD single crystal 17 are still much lower than those of prototypical high-mobility organic crystals (e.g., rubrene and pentacene) whose mobilities exceed 1 cm 2 /Vs at room temperature (measured in single-crystal fieldeffect transistor configurations). 18, 19 Given the currently limited understanding of intrinsic hole transport in spiro-OMeTAD, it is important to clarify the underlying mechanism responsible for the hole-mobility enhancement of spiro-OMeTAD in going from thin films to single crystals, as well as the structural bottlenecks detrimental to the intrinsic hole mobilities in the single crystals.
We note that some recent computational studies have been devoted to the description of the hole-transport properties in spiro-OMeTAD. [20] [21] [22] [23] While these investigations provide useful information on hole-mobility predictions in both amorphous and crystalline spiro-OMeTAD, a thorough characterization of the intrinsic hole-transport mechanism in single-crystal spiro-OMeTAD is still missing. In this work, our aim is to provide insight into the intrinsic hole-transport properties of spiro-OMeTAD on the basis of the X-ray single-crystal data. 17 We employ density functional theory (DFT) calculations in combination with tight-binding (TB) modeling and kinetic Monte Carlo simulations to investigate the hole-transport mechanism and hole mobilities. This approach allows us to characterize the microscopic pathways of hole transport, as well as the inherent bottlenecks limiting the intrinsic hole mobilities of the spiro-OMeTAD single crystal.
RESULTS AND DISCUSSION
Molecular packing, molecular orbital characteristics, and electronic couplings Molecular packing. The molecular, chemical, and single-crystal structures of spiro-OMeTAD are illustrated in Fig. 1 . As the name implies, the spiro-OMeTAD molecule features a spiro carbon atom linking two orthogonal fluorene-based arms (see Fig. 1a ). The spiro-OMeTAD single crystal (see Fig. 1b ) belongs to a triclinic space group (details of the crystallographic data were discussed in ref. 17) . To gain insight into the correlation between crystal structure and hole-transport properties, we focus on the intermolecular π-π interactions along different directions of the spiro-OMeTAD single crystal.
Analysis of Fig. 1 shows that the spiro-OMeTAD crystal structure leads to two strikingly different types of intermolecular interactions. The first one corresponds to the π-π stacking between fluorene planes of adjacent spiro-OMeTAD molecules, which takes place alternatively in two orthogonal orientations (see Fig. 1b , bottom-left panel). This non-continuous π-π stacking progresses in the a direction, along which efficient hole-transport pathways can be achieved. However, the crystal molecular packings give rise to two structural characteristics that are expected to play a detrimental role for hole transport: (i) The spatial stacking is limited and the equilibrium intermolecular distance is long due to the spiro motif preventing close molecular approaches. The 4,4′-dimethoxydiphenylamine (OMe-DPA) substituents lead to additional steric hindrance (see Figure S1 in the Supplementary Information).
(ii) The two orthogonal π-π stacking interactions are not equivalent; indeed, the distance between two spiro carbon atoms is smaller for the intra-unit-cell molecules than that for the inter-unit-cell ones (7.49 and 8.11 Å, respectively). An important reason for this difference is that the orientation of the methoxy groups of each spiro-OMeTAD molecule in the crystal is asymmetric with respect to the spiro atom (vide infra) such that equivalent packing for intra-unit-cell and inter-unit-cell molecules cannot be expected. The second type of intermolecular interactions in the spiro-OMeTAD single crystal occurs between the OMe-DPA substituents of adjacent molecules along the b and c directions (see Fig. 1b , upper-right panel) with inter-unit-cell distances between spiro carbon atoms of 14.72 and 17.28 Å, respectively. However, since these interactions feature poor π-π 17 (upper panels) and illustration of the stacking of the molecular skeletons, as well as the molecular pairs leading to major transfer integrals (lower panels). In the upper-left panel of b, the bifluorene skeleton of each spiro-OMeTAD molecule is highlighted in yellow stackings as a result of the propeller-shape geometry of the DPA moieties around the nitrogen atoms, they are not expected to have significant contributions to the hole-transport properties of the spiro-OMeTAD single crystal (vide infra).
Molecular orbital characteristics. Before discussing the electronic couplings between the molecular orbitals involved in hole transport in the spiro-OMeTAD crystal, it is useful to describe the nature of the highest-occupied molecular orbital (HOMO) and HOMO-1 and the origin of their characteristics. To this end, it is very instructive to start with an "ideal" (that is, geometrically optimized for the ground state in the gas phase), isolated spiroOMeTAD molecule where the two arms (defined as arm A and arm B) are perfectly symmetric with respect to the spiro atom, as shown in the top panel of Fig. 2a . The presence of two symmetric arms gives rise to nearly degenerate HOMO and HOMO-1 levels with an energy difference of about 13 meV. Fragment calculations (in which the molecular HOMO and HOMO-1 are built up from the fragment HOMOs of arm A and arm B, see the bottom panel in Fig. 2a ) demonstrate that the HOMOs of the two arms are energetically identical (because of their identical geometry); their electronic couplings through the spiro atom lead to equal contributions to the HOMO and HOMO-1 of the whole molecule. In this instance, the wave functions of the molecular HOMO and HOMO-1 are fully delocalized over both arms (see the middle panel in Fig. 2a) . It is interesting to note that the HOMOs of the two (isolated) arms are lower in energy than both HOMO and HOMO-1 of the whole molecule. In fact, each arm has an electric dipole moment of about 1.7 Debye, while the whole molecule has none as a result of its symmetry (see Table S1 in the Supplementary Information). The interactions among the arm dipole moments when the two arms are connected via the spiro atom induce intramolecular electronic polarization effects that destabilize the molecular HOMO and HOMO-1 levels.
We now turn to the case of an actual spiro-OMeTAD molecule extracted from the single crystal. Because of the influence of the packing forces, the geometry of a spiro-OMeTAD molecule in the crystal exhibits important differences between the two arms due to the different intermolecular packings/distances along the a direction of the crystal. As a result, the orientations of the methoxy groups vary with respect to the spiro atom and the diphenylamine moieties and bifluorene skeletons distort in a non-symmetric fashion, as illustrated in the top panel of Fig. 2b . Indeed, results of fragment calculations show that the HOMO of arm A is about 18 Fig. 2 Comparison of the molecular geometry, DFT (Opt-ωB97X-D/6-31 G**)-estimated wave functions and energy levels of HOMO and HOMO-1, and DFT (ωB97X/TZ2P)-estimated interaction between the fragment HOMOs of the two arms for: a an ideal spiro-OMeTAD molecule in gas phase; and b a molecule extracted from the spiro-OMeTAD crystal. The arrows in the top panels denote the orientation of the methoxy groups. All the molecules are in their neutral ground state meV lower in energy than that of arm B as a result of the geometry deformations (see the bottom panel in Fig. 2b ). The geometry differences between the two arms cause the HOMO and HOMO-1 wave functions of the spiro-OMeTAD molecule to localize on one of the two arms (see the middle panel in Fig. 2b) . Moreover, the electric dipole moments of arm A and arm B are estimated to be about 4.5 Debye and 3.0 Debye, respectively, leading to more prominent intramolecular polarization effects as compared with the case of the ideal isolated spiro-OMeTAD molecule. These large intramolecular polarization effects result in an energy difference of about 39 meV between the HOMO and HOMO-1 levels of the spiro-OMeTAD molecule. It is also important to note that the ionization potential of the spiro-OMeTAD molecule taken from the crystal is about 0.23 eV smaller than that of the ideal isolated molecule (see the middle panel in Fig. 2a and b ). This result points to the importance of the molecular geometry in determining the level alignment at organic/inorganic interfaces of hybrid solar cells where the geometry of spiro-OMeTAD molecules can be easily affected. 5 Electronic couplings. We now proceed to estimate the electronic couplings (transfer integrals) for representative molecular pairs along all three axes of the spiro-OMeTAD crystal (see Fig. 1b , lower panels). Here, both HOMO and HOMO-1 have to be taken into account in these calculations as a result of their quasi-degeneracy discussed above. The DFT-calculated electronic couplings are collected in Table 1 . Substantial transfer integrals are obtained along the a axis, with the largest value of ca. 40 meV due to the π-π stacking between the fluorene planes of adjacent molecules. However, the transfer integrals along the remaining two axes, where adjacent molecules are coupled through only part of the OMe-DPA substituents (see Fig. 1b ), are vanishingly small. This underlines that strongly anisotropic (quasi-one-dimensional) holetransport properties can be expected in the spiro-OMeTAD single crystal. Because the HOMO and HOMO-1 wave functions are mainly localized on one of the two arms, the associated transfer integrals for the molecular pair within the unit cell are calculated to be much different from those between neighboring unit cells. There occurs alternations in transfer integrals along the a direction of the crystal, and the characteristics of these alternations are different for the HOMO and HOMO-1 levels. For instance, the transfer integral associated with HOMO [HOMO-1] is small [large] for the intra-unit-cell pair and the reverse holds true for the interunit-cell pair. Interestingly, in addition to the electronic couplings associated solely with HOMO or HOMO-1, there exist substantial cross electronic couplings (denoted H/H-1 in Table 1 ) between HOMO and HOMO-1. These couplings, as will be shown, play a critical role in the formation of hole-transport pathways in the spiro-OMeTAD crystal.
It is also instructive to briefly discuss the transfer integrals and their potential effects on hole transport in the case of the cocrystal of spiro-OMeTAD with chlorobenzene. 16 We note that, while also belonging to a triclinic space group, the structure of the co-crystal is distinctly different from that of the pure spiroOMeTAD crystal. For instance, due to the presence of the chlorobenzene molecules, the center-to-center distance between the two spiro-OMeTAD molecules within the unit cell of the cocrystal is 13.64 Å, compared to 7.49 Å in the case of the pure spiroOMeTAD crystal (see Figure S3 in the Supplementary Information). In this context, the transfer integrals as a result of direct couplings between the spiro-OMeTAD molecules within the unit cell are calculated to be vanishingly small; thus, the presence of the chlorobenzene molecules has definitely to be taken into account when accounting for the hole-transport properties of the spiroOMeTAD-chlorobenzene co-crystal. The transfer integrals for the inter-unit-cell spiro-OMeTAD molecules along all three axes are also significantly different when comparing the co-crystal with the pure crystal (see Table S2 in the Supplementary Information). These results demonstrate that the inclusion of solvent molecules in the case of spiro-OMeTAD-chlorobenzene co-crystal very strongly impacts the molecular packings and electronic couplings; as a result, the intrinsic hole transport of spiro-OMeTAD cannot be achieved in the co-crystal.
Electronic band structures
In order to analyze the hole-transport mechanism, we estimated the electronic band structures of the spiro-OMeTAD crystal by means of both DFT calculations and tight-binding modeling. The electronic band dispersions along Γ→X, which to a very good approximation corresponds to the a direction in real space, are illustrated in Fig. 3a . The band structures along other pathways in reciprocal space and the total density of electronic states (which were partly reported in ref. 17) can be found in the Supplementary Information. Figure 3a illustrates that, while the width of the overall top valence band spans more than 200 meV, it splits into four sub-bands separated by sizable energy gaps, which is due to the presence of four fluorene-based arms within a unit cell. The energy separation between the topmost sub-band and the next sub-band is about 85 meV, which is much larger than thermal energy at room temperature (ca. 26 meV). Thus, the hole carriers are expected to mostly thermally populate the topmost sub-band near room temperature. Since the topmost sub-band is almost dispersionless along all directions (see Figure S4 in the Supplementary Information), band-like transport cannot be expected in the spiro-OMeTAD crystal.
We also evaluated the intramolecular reorganization energy λ reorg of spiro-OMeTAD. The value calculated at the DFT Opt-ωB97X-D/6-31G** level of theory is about 310 meV. We note that this value of λ reorg is much larger than those reported in previous studies based on the B3LYP functional (e.g., 131 meV in ref. 21 and 160 meV in ref. 22) . This large difference is caused by the delocalization error (i.e., spurious delocalization of electron densities and overestimation of conjugation) inherent to the B3LYP functional. 24 This issue can be overcome by using longrange corrected functionals with tuned range-separation parameters, such as the one employed in the calculations here. 24 Since the value of λ reorg is much larger than that of any transfer integral, it is expected that hole transport in the spiro-OMeTAD crystal is governed by hopping of (small) polarons. 25 To gain a better understanding of the intrinsic hole-transport properties, we developed a one-dimensional tight-binding model 26 Fig. 1b for the couplings between the HOMOs (H), the HOMO-1s (H-1), and the HOMO and HOMO-1 (H/H-1) of the individual molecules. The calculations were performed at the Opt-ωB97X-D/6-31 G** and (in parentheses) B3LYP/6-31 G** levels of theory (detailed in the Supplementary Information) to quantitatively estimate the electronic properties of the spiro-OMeTAD crystal. All the model parameters [that is, the site energies ε for the two molecules in the unit cell and the transfer integrals t (ij) (with i, j = 1, 2, or 3, see the lower-left panel in Fig. 1b) for both HOMO and HOMO-1, intra-and inter-unit-cell] were evaluated by fitting the TB band structures to those of the DFT calculations along a specific direction in reciprocal space. The values of the model parameters obtained by fitting the band structure along Γ→X, as illustrated in Fig. 3a , can be found in the Supplementary Information (Table S3) .
To understand the origin of the characteristics of the band structures, we calculated the band dispersions along Γ→X by artificially modifying the values of the model parameters (TB Values in Table S3 ) within our tight-binding model. In particular, we considered three cases in which increasing numbers of transfer integrals are progressively switched on: (i) all the transfer integrals are set to zero (i.e., only the site energies are considered); (ii) the transfer integrals associated with HOMO and HOMO-1 are introduced and given values corresponding to the average of the values of the transfer integrals for intra-unit-cell and inter-unitcellt H HÀ1
H HÀ1 ½ =2 (i.e., no transfer integral alternation is considered along the a direction); (iii) all parameters are used except for the cross electronic couplings that are neglected (t H/H−1 = 0). The band structures corresponding to these three specific cases are displayed in Fig. 3b-d , respectively. As expected, Fig. 3b shows no band dispersion due to the absence of electronic couplings. The two flat bands just correspond to the HOMO and HOMO-1 levels of the individual molecules in the crystal. When the average values (no alternation) of the transfer integrals (t H HÀ1 ½ ¼ 24 meV) are introduced, see Fig. 3c , a considerable dispersion of about 100 meV is obtained for both the HOMO and HOMO-1 bands. However, when the alternations in the transfer integrals are introduced, as shown in Fig. 3d , the HOMO and HOMO-1 bands both split into two sub-bands with small dispersions. Further inclusion of the cross electronic couplings (see Fig. 3a ) does not significantly change the band structures. These results allow us to understand that the formation of nearly dispersionless bands, which is clearly detrimental to hole transport, is mainly caused by the alternations in the magnitudes of the transfer integrals along the a direction of the spiro-OMeTAD crystal.
It is interesting to note that the values of the model parameters (both transfer integrals and site energies) obtained in the tightbinding model markedly differ from the DFT results on isolated molecules. For instance, the HOMO/HOMO-1 energy difference in the TB modeling is about 109 meV, which is much larger than the DFT result of about 39 meV for an isolated molecule. The major reason for the differences is that electrostatic interactions between spiro-OMeTAD molecules in the crystal are effectively included in the TB modeling (via the DFT estimation of band structures on which the TB fitting was based). This result again underlines the importance of intermolecular polarization effects in the solid state, 27, 28 in impacting the electronic properties of spiroOMeTAD. These intermolecular polarization effects are related to at least two factors. On the one hand, a permanent dipole moment as large as 5.8 Debye is evaluated for each spiro-OMeTAD molecule in the crystal (see Table S1 in the Supplementary Information). On the other hand, the molecular spiro motifs lead to different crystal environments impacting the HOMO and HOMO-1 wave functions localized on different arms of each molecule.
Hole-transport pathways, properties, and bottlenecks Hole-transport pathways and properties. In order to visualize the hole-transport pathways, we consider a stack of molecules along the a direction of the spiro-OMeTAD crystal, as schematically illustrated in Fig. 4a . Due to the presence of the cross electronic couplings t H/H−1 , hole-transport pathways involving both the HOMO and HOMO-1 channels can be expected in the crystal. In order to obtain a simple (but reliable) picture, it was found useful to apply a transformation procedure, leading to a new set of molecular orbitals referred to as HOMO Table S3 ): a full parameters; b site energies only; c site energies and average values of transfer integrals associated with HOMO and HOMO-1; d full parameters except for zero cross electronic couplings. The DFT band structure is also displayed in a. The crystallographic coordinates of Γ and X are (0, 0, 0) and (0.5, 0, 0), respectively; the Fermi level is taken as reference (set at zero) Fig. 4 Schematic diagrams of a the molecular packing and b the effective pathway for hole transport along the a direction of the spiro-OMeTAD crystal. In a, the dashed rectangle denotes the unit cell and the solid arrow represents the lattice constant (a = 13.7 Å) Fig. 4b ). In this context, t H/H−1 is seen to play a detrimental role to hole transport (which cannot have been concluded based on the original parameters). However, interestingly, the transformation introduces a new parameter t intra-mol describing the intramolecular coupling between the HOMO * and HOMO * -1 of each molecule; the appearance of t intra-mol is the result of the non-orthogonality between the HOMO * and HOMO * -1 of each molecule (see the Supplementary Information). Importantly, t intra-mol represents the key parameter governing the intra-molecular charge transfer between the two arms of the individual molecules, which is critical to reconnect the HOMO * and HOMO * -1 (see Fig. 4b ). Thus, t H/H−1 , via the role played by t intra-mol , here provides a positive contribution to the hole-transport properties of the system.
In order to quantitatively estimate the hole-transport properties of the spiro-OMeTAD crystal, we evaluated the hole mobilities by means of kinetic Monte Carlo simulations (detailed in the Supplementary Information). 29, 30 The effective hole-transport pathway along the a direction of the crystal (see Fig. 4b ) was considered, and the values of the model parameters used in the calculations can be found in the Supplementary Information (Table S4 ). The calculated hole mobilities, µ, as a function of temperature, T, are illustrated in Fig. 5 . As expected, the hole mobilities display a thermally activated behavior; they approximately follow a lnμ / ÀT À1 relationship (more accurate analytical results of the mobilitytemperature relationship were reported in Reference 31), consistent with the classical Marcus equation 32 used in the hopping rate calculations (see Eq. 1). The hole mobility at 300 K is estimated to be 4.5 × 10 −3 cm 2 /Vs, which is in very good agreement with the experimental result of about 1.3 × 10 −3 cm 2 /Vs (measured for a single-crystal spiro-OMeTAD field-effect transistor). 17 Given that extrinsic factors (e.g., impurities and/or disorder effects) are difficult to prevent experimentally and that all key parameters governing intrinsic hole transport have been accounted for in our calculations, it is reasonable to conclude that the upper range of the intrinsic hole mobilities in the spiro-OMeTAD single crystal is on the order of a few 10 −3 cm 2 /Vs. We also calculated the hole mobilities of spiro-OMeTAD by considering only the HOMO transport channel based on the original model parameters (see Table S4 ). The results are also displayed in Fig. 5 . The hole mobilities near room temperature are reduced by about one order of magnitude with respect to those of the full-parameter calculations and are smaller than the experimental value. This demonstrates that the HOMOs and HOMO-1s of the individual molecules, rather than just the HOMOs, have to be included in the description of hole transport in the spiro-OMeTAD crystal.
Hole-transport bottlenecks. Since the hole mobilities calculated for the spiro-OMeTAD crystal are some 3-4 orders of magnitude lower than those of prototypical high-mobility organic crystals such as rubrene and pentacene, 18, 19 it is important to analyze the major bottlenecks associated with the molecular and crystal structures that are detrimental to the hole-transport properties of spiro-OMeTAD. As discussed in Section Molecular packing, the molecular packings, which directly impact the values of the key parameters governing hole transport, are determined by both the spiro motif and the nature of the 4,4′-dimethoxydiphenylamine substituents of the individual molecules.
Characteristic features of spiro-OMeTAD lead to three important factors that negatively impact hole transport.
(1) Large alternations in transfer integrals: These alternations are caused by the localization of the HOMO and HOMO-1 wave functions of the spiro-OMeTAD molecules that are geometrically distorted in the crystal (see Section Electronic couplings). As the main origin for the dispersionless band structure, such large alternations in transfer integrals are expected to greatly limit the hole mobilities of the spiro-OMeTAD crystal (see below).
(2) Large electronic polarization effects: The polarization in the spiro-OMeTAD crystal has both intermolecular and intramolecular contributions, coming from electrostatic interactions between the electric dipole moments of the individual molecules and their arms, respectively. The presence of large polarization effects is detrimental to hole transport for two reasons: (i) Intermolecular polarization in the crystal significantly increases the HOMO/ HOMO-1 energy difference of the individual molecules (see Section Electronic band structures), thereby reducing the contributions of the HOMO-1 channels to the hole transport. (ii) Intramolecular polarization leads to localization of the HOMO and HOMO-1 wave functions of the spiro-OMeTAD molecules on separate arms (see Section Molecular orbital characteristics).
(3) Large intramolecular reorganization energy: The λ reorg value calculated for spiro-OMeTAD (310 meV) is about 2 to 3 times as large as that of rubrene (159 meV) 33 and pentacene (97 meV) 34 . Such a large λ reorg value considerately decreases the hopping rate of polarons and is thus detrimental to the hole-transport properties of the spiro-OMeTAD crystal.
In the context of our present discussion, it is useful to evaluate the mobilities of four model systems obtained by changing the values of (some of) the relevant parameters of the spiro-OMeTAD crystal. In Model 1, the alternations in transfer integrals along the a direction of the crystal are removed by replacing the transfer integrals associated with HOMO and HOMO-1 with their average values (corresponding to the system displayed in Fig. 3c ). In Model 2, the intermolecular polarization is removed by using the values of the transfer integrals and site energies obtained from isolated molecules instead of the crystal. In Model 3, the value of λ reorg is reduced by about 50% (to be as small as that of rubrene). In Model 4, the substituents of the spiro-OMeTAD molecules in the crystal are modified by removing all the methoxy groups while keeping the same crystal structure as in the spiro-OMeTAD single crystal. (It should be borne in mind that the model crystals are based on the (Table S4) , and the mobility results for these four model systems are illustrated in Fig. 5 . As seen from Fig. 5 , the mobilities calculated in the cases of Models 1, 2, and 3 are all greatly improved when comparing to the case of the real spiro-OMeTAD crystal. In particular, the mobility at 300 K in the case of Model 1 is estimated to be 0.16 cm 2 /Vs, which is two orders of magnitude larger than that measured and calculated for the actual spiro-OMeTAD crystal. This result indicates that, at least for the three factors discussed above, the presence of large transfer integral alternations in the crystal represents the most critical factor detrimental to the holetransport properties of spiro-OMeTAD. In addition, the mobility also considerably increases in the cases of Models 2 and 3 (2.6 × 10 −2 and 2.3 × 10 −2 cm 2 /Vs at 300 K, respectively), which points to the role of large intermolecular polarization effects and large λ reorg in limiting the hole mobilities of spiro-OMeTAD. Interestingly, in contrast to the three cases mentioned above, the mobilities in the case of Model 4 become even smaller than those of the actual spiro-OMeTAD system. The removal of the methoxy groups in the case of Model 4 is found to have opposite effects. On the one hand, it leads to delocalized HOMO and HOMO-1 wave functions as well as smaller electric dipole moments. On the other hand, it gives rise to a larger λ reorg (about 454 meV). (The reorganization energy in the case of R = diphenylamine is larger because, in the absence of the methoxy group, the transformation from an aromatic (small bond-length alternation) to a quinoidal (large bond-length alternation) geometry of the phenyl moiety upon oxidation is more prominent; thus, a larger geometry relaxation is induced.) The combination of these effects lead to an overall decrease of the mobilities in the case of Model 4. It is useful to keep in mind that the results of Model 4 were obtained by assuming that the crystal structure remains unchanged after the removal of the methoxy groups, which might not hold true in reality since the crystal structure itself would then relax. In any event, the results of Model 4 underline that the three factors detrimental to hole mobility in the spiro-OMeTAD crystal are not independent but are correlated (in different ways) in determining the properties of the system. Moreover, because of the different intermolecular distances within and between unit-cells, alternations in transfer integrals and dispersionless band structures are also present in the case of Model 4, in spite of the delocalization of the HOMO and HOMO-1 wave functions (see Table S4 and Figure  S4 in the Supplementary Information). This points to the importance of optimizing both molecular and crystal structures of spiro-OMeTAD types of systems in order to improve the holetransport properties.
CONCLUSIONS
We have investigated the intrinsic hole-transport properties of spiro-OMeTAD, a benchmark hole-transport material intensively studied in perovskite and solid-state dye-sensitized solar cells. Based on the experimental single crystal data obtained very recently, 17 we have determined the key parameters (transfer integrals, site energies, and reorganization energies) governing intrinsic hole transport and the hole mobilities by means of density functional theory calculations, tight-binding modeling, and kinetic Monte Carlo simulations.
The major conclusions we can draw are as follows:
(i) The π-π stacking of the fluorene planes of adjacent spiroOMeTAD molecules gives rise to substantial transfer integrals only along the a axis, leading to strong anisotropic (quasi-one-dimensional) hole-transport properties in the spiro-OMeTAD crystal.
(ii) Because of the spiro motif and the non-symmetric geometry distortions of the two arms in the spiro-OMeTAD molecules, the π-π stacking characteristics alternate along the a direction, leading to a dispersionless electronic (top) valence band in the crystal. (iii) The upper range for the intrinsic hole mobilities near room temperature in the spiro-OMeTAD crystal is predicted to be on the order of~10 −3 cm 2 /Vs, which is 3-4 orders of magnitude lower than the hole mobilities of prototypical high-mobility organic crystals such as rubrene and pentacene.
(iv) The combined effects of the spiro motif and the 4,4′-dimethoxydiphenylamine substituents lead to three important factors detrimental to hole transport, i.e., large alternations in the magnitude of the transfer integrals along the a direction of the crystal, large electronic polarization effects, and large intramolecular reorganization energy. Overcoming these detrimental factors could increase the hole mobilities of spiro-OMeTAD by about 1-2 orders of magnitude.
This work has allowed us to uncover the features of the molecular and crystal structures that most impact the intrinsic hole-transport properties of spiro-OMeTAD and can help guide the design of the spiro-OMeTAD-like materials with improved hole-transport characteristics.
METHODS

Density functional theory calculations
The molecular electronic properties (molecular orbitals, transfer integrals, reorganization energies, and electric dipole moments) were calculated with the Gaussian09 package 35 by using the non-empirically tuned longrange-corrected ωB97X-D functional, 36 where the optimal value of the range-separation parameter ω is obtained by minimizing the energy difference between the HOMO and ionization potential (that is, the difference in total energy between the cationic and neutral ground states of the molecule for a fixed geometry) of a spiro-OMeTAD single molecule. It is important to note that the use of the tuned long-range-corrected functional largely overcomes the delocalization error inherent to semilocal and global hybrid functionals, in particular in the case of spiro structures. 24 More details on the optimization of the range-separation parameter have been well documented in the literature. 37 The electronic band structures were calculated with the CRYSTAL14 package 38 by using the B3LYP functional (we note that long-range-corrected functionals with tunable ω are currently not available for periodic systems and those with default values of ω lead to convergence issues with the spiro-OMeTAD single crystal used in our calculations). However, given that the transfer integrals calculated at the B3LYP level agree very well with the Opt-ωB97X-D results (see Table 1 ), the band structures calculated with the B3LYP functional are reliable. The 6-31G** basis set was used in all calculations. The fragment calculations performed to obtain the results illustrated in the lower panels of Fig. 2 were carried out with ADF Modeling Suite [39] [40] [41] at the DFT ωB97X/ TZ2P level of theory.
Mobility calculations
Within the small-polaron hopping approximation, the hole mobilities were estimated via kinetic Monte Carlo simulations (that have been widely exploited to depict such a hopping transport regime). 29 The hopping rates were calculated with the semi-classical Marcus equation: 25, 32 
where λ reorg denotes the reorganization energy; t, the transfer integral; ε, the site energy (i.e., the energy of HOMO * or HOMO * -1); T, the temperature; k B , the Boltzmann constant; and h, the Planck constant. All the key parameters (t, λ reorg , and ε) were obtained by means of DFT calculations combined with the TB fitting procedure (see Section Electronic band structures). To correctly account for the impact of the cross electronic couplings on the hole mobilities, we devised a procedure to transform the model parameters in the Hamiltonian. More details on the mobility Characterization of intrinsic hole transport Y Li et al.
calculations and the transformation procedure can be found in the Supplementary Information.
Code availability
The codes used for calculating the electronic properties, i.e., Gaussion 09 (revision C.01), CRYSTAL14, and ADF2016, are commercially available. 35, 38, 39 The code used for the mobility calculations is available upon request to the authors.
